Abstract. Vertical temperature profiles obtained by radiosonde and Raman lidar measurements are used to investigate a climatology of total energy density of gravity waves (GW) in the Upper Troposphere (UT) and the Lower Stratosphere (LS) from 1992 to 2004 above Mahé (4 • S, 55 • E), Tromelin (15 • S, 54 • E) and La Réunion (21 • S, 55 • E) located in the tropical South-West Indian Ocean. The commonly used spectral index value (p≈5/3) of the intrinsic frequency spectrum is used for calculating estimated total energy density in the UT and LS. Estimated total energy density provides good estimation of total energy density in the LS but underestimates total energy density by one half in the UT above Mahé and Tromelin probably due to the activity of near-inertial frequency waves. Estimated total energy density reveals a strong seasonal variability as a function of latitude and convection as an evident active source of GW activity in the LS in austral summer. Above La Réunion, a semi-annual GW activity is observed in the LS with the signature of the subtropical barrier in the UT. Moreover, radiosondes and Raman lidar provide consistent GW surveys in the UT/LS at heights<23 km above La Réunion.
Introduction
Tropical atmospheric Gravity-Waves (GW) play a key role in exchanges between atmospheric layers in terms of transport of momentum and atmospheric constituents (Holton, 1975; Ehhalt et al., 1983) . Theories, observations and models support that GW contribute significantly to the mean general circulation in the middle atmosphere and to the atmospheric thermal structures up to 80-km heights. Because of Correspondence to: F. Chane-Ming (fchane@univ-reunion.fr) the broad band scales of GW produced in the lower atmosphere, GW are not yet correctly resolved in numerical models. Local and global observations of GW are still needed to improve their parameterization in weather forecast and climate models. To model observed GW patterns in simple models of middle atmosphere, recent investigations focused on the characteristics of GW sources and/or GW spectral parameters near sources in the Upper Troposphere (UT) and the Lower Stratosphere (LS). Hence, daily high-resolution radiosonde data archived by meteorological services reveal to be useful for GW climatologies in the lower atmosphere (Allen and Vincent, 1995) . Global maps of GW activity have been produced using CHAMP/GPS radio occultation soundings and CRISTA measurements in the stratosphere (Tsuda et al., 2000; Ern et al., 2004) . GW climatologies using highresolution meteorological radiosonde data have been mainly made above continental stations such as above Australia from June 1991 to May 1992 (Allen and Vincent, 1995) and above the United States from 1998 to 2002 (Wang and Geller, 2003) . Few references exist over the tropical ocean where convection is the major GW source (Beres et al., 2002) . For instance, recent radar observations revealed the characteristics of highly convective zone in regard to induced GW in the UTLS in the vicinity of Bay of Bengal region and Indonesian region (Dhaka et al., 2002 (Dhaka et al., , 2005 . GW activity in the LS was recently explored with radiosondes in the tropical Pacific in November to December 2001 (Sato et al., 2003) , above the South-East Indian Ocean at Cocos Islands (12 • S, 97 • E) between September 1992 and June 1998 (Vincent and Alexander, 2000) and above Darwin area in October to December 2001 (Tsuda et al., 2004) . The present study provides a GW climatology of total energy density over the tropical SouthWest Indian Ocean basin above Mahé (4 • S, 55 • E), Tromelin (15 • S, 54 • E) and La Réunion (21 • S, 55 • E) islands in the UT/LS. The monthly-mean and latitudinal variation are retrieved from radiosonde and Raman lidar measurements from 1992 to 2004. 
Experimental data
Mahé (4 • S, 55 • E), Tromelin (15 • S, 54 • E) and La Réunion (21 • S, 55 • E) islands are located in the South-West Indian Ocean at almost the same longitude. Mahé is the main island of Republic of Seychelles with a surface of 148 km 2 rising to 905 m near the equator. Tromelin is a 1 km 2 sandy desert island peaking at 7 m above the sea level (Chane-Ming et al., 2002) . La Réunion with a surface of 2512 km 2 is located at the border of the tropical belt under tropical and subtropical conditions respectively during austral summer and during austral winter (Chane-Ming et al., 2000b) . The dataset includes GPS radiosonde data at Mahé and Tromelin and Väisälä RS80 ozonesonde and Raman lidar measurements at La Réunion.
Analyzed GPS radiosonde data consist of vertical profiles of temperature, horizontal winds and relative humidity with 100-m vertical resolution and with accuracies of 0.1 K and <1 ms −1 for the temperature and the horizontal wind respectively. 75% of GPS radiosondes daily-launched at Tromelin (Mahé) at 1200 UT reached the height of 23 km (25 km) from January 1998 to December 2003 (Table 1) .
At La Réunion, 150-m sampled temperature vertical profiles are produced by ozonesondes launched every 2 weeks from 1992 to 1999 and weekly after 1999 in the framework of the Southern Hemisphere Additional Ozonesonde (SHADOZ) and the Network for Detection of Atmospheric Composition and Change (NDACC, previously NDSC) programs (Baray et al., 2006) .
The dataset of La Réunion is completed with 30-min integrated temperature profiles produced by a Raman lidar with 150-m vertical resolution from January 1999 to May 2004 at 1830-1900 UT. A similar algorithm used for Rayleigh lidar technique is applied on the vibrational nitrogen Raman return signal at 607 nm recorded during clear sky condition and low aerosol loading to derive temperature profiles (Keckhut et al., 1990; Faduilhe et al., 2005) . Short-scale structures with vertical wavelengths <1 km have been filtered out to reduce temperature uncertainties due to photon noises of the instrument. In contrast vertical resolution of radiosonde measurements enables us to get information on GW down to a vertical wavelength of 200 m. Lidar temperature mean standard deviations are 1.27 K (2.64 K) and mean differences in temperature with radiosonde data of La Réunion from January 1999 to May 2004 are −0.27 K (1.6 K) at heights of 18-23 km (11-16 km). 
Procedure of analysis
The total energy density (E T ) defined in the threedimensional model of GW power spectrum (Fritts and VanZandt, 1993 ) is chosen as a measure for GW (Vincent and Alexander, 2000) :
Where u ′ , v ′ , w ′ are respectively the zonal, meridional, and vertical components of wind,T ′ is the temperature perturbations normalized by the unperturbed temperature background, g is the gravitational acceleration, N is the buoyancy frequency, the overbar means an unweighted average over height, KE and PE are kinetic and potential energies respectively. Kinetic energy is calculated without the vertical wind component which is much smaller than the horizontal components and not measured by radiosonde and Raman lidar. Assuming the linear theory of GW, the total energy density can be estimated as a function of temperature only (Allen and Vincent, 1995) .
where p is the spectral index for the intrinsic frequency spectrum (VanZandt, 1982) andf =f/N is the ratio of the inertial frequency f to the buoyancy frequency N. The energy spectrum scales are assumed to be of the form ω −p from f to N with a constant value of p≈5/3 provided by many observations in the middle atmosphere. Table 1 gathers some information about the dataset used for the GW analysis in the UT/LS for the 3 sites of observation. Lower levels of selected height ranges are chosen to avoid possible tropopause effects on the temperature perturbations. Selected height ranges enable us to analyze GW with vertical wavelengths less than 5 km from temperature and wind perturbation profiles which are retrieved from raw profiles using a 2nd order polynomial fit (Allen and Vincent, 1995) .
Gravity wave energy density
Climatologies of GW energy density usually refer to the potential energy (PE) or the estimated total energy (hereinafter noted Et T ) instead of the total energy density (hereinafter noted Et T +V ) (Allen and Vincent, 1995; Tsuda et al., 2000; Ratnam et al., 2004) . Et T +V is estimated with both temperature and horizontal wind observations (Eq. 1) while Et T is computed with only temperature observations (Eq. 2). (Fig. 3a  and b) . Thus Fig. 3a indicates that the total energy density actually varies between 2 J kg −1 and 15 J kg −1 in the UT with an annual variability of which maximum values are observed during austral winter from June to October above Mahé and from May to September above Tromelin. The variation of energy density above La Réunion reveals the presence of two peaks in June and in October for the two radiosonde datasets (1992-2002 and 1999-2002) . The peak intensity is about 1.6-2 times larger than the second minimum of 2.5-3 J kg −1 observed in July to September in mid-winter. Energy density values obtained with Raman lidar data agree well with those of radiosonde data with similar magnitudes from January to May and from August to December. In addition the rotary-spectra analysis (Vincent et al., 1997) indicates that about 55-63% and 40-50% of the energy propagate upward in summer and winter respectively above Tromelin and Mahé in the UT.
In the LS, energy values decrease poleward (Fig. 3b) . A strong annual cycle is observed above Mahé peaking during austral summer. The seasonal cycle becomes semi-annual above La Réunion with a second peak in August-September caused by mid-latitude conditions in winter (Allen and Vincent, 1995) . In contrast with observations in the UT, 71% (78%) and 63% (77%) of the energy propagate upward respectively in summer and winter above Mahé (Tromelin). This suggests that GW sources are located in the troposphere. Monthly and monthly-mean wave energy density derived from temperature and wind (Et T +V ) versus those derived from temperature only (Et T ) (a) above Mahé at 00:00 UT (red and black circles, respectively) and at 12:00 UT (red and black triangles) and corresponding least-squares regression lines for Mahé at 00:00 UT (red and black dashdot lines respectively) and 12:00 UT (red and black solid lines respectively) and (b) above Tromelin at 1200 UT (red and black crosses respectively) and corresponding least-squares regression lines (red and black solid lines respectively) in the UT. For the 3 sites, maxima in summer are well-correlated with indices of convection such as Outgoing Longwave Radiation (OLR) data and in situ and Tropical Rainfall Measuring Mission (TRMM) rain distribution. Correlation values between monthly series of energy density and these indices of convection are larger than 0.7 above Mahé and Tromelin. Figure 3b also shows a consistent seasonal evolution of GW energy at 00:00 UT and 12:00 UT and evidence of a diurnal variability of above Mahé with a peak at 12:00 UT in March. The peak is correlated with the strength of the convective activity at this time as previously observed over Taiwan (25 • N, 121 • E) .
Above La Réunion, energy density values and the monthly trend are consistent for the two datasets (1992-2002 and 1999-2002) and lidar data in the LS. The activity of GW energy density from lidar data also peaks in summer. Uncertainties of Et T with 95% confidence level are less than 0.6 J kg −1 (1.3 J kg −1 ) and less than 1 J kg −1 (3 J kg −1 ) for radiosonde and lidar data respectively in the UT (LS). Figure 3a and b reveal that the seasonal evolution of GW energy in the UT/LS above Tromelin agrees well with that above Mahé and La Réunion due to its intermediate location between the two other sites.
Discussion and conclusions
The seasonal variability of GW energy density over the tropical South-West Indian Ocean is consistent with those produced by Allen and Vincent (1995) and Wang and Geller (2003) with maxima of stratospheric energy density during low-latitude wet season and the midlatitude winter. The largest gravity wave activities at 20-30 km were generally located around the equator between 25 • N and 25 • S (Wang and Geller, 2003) . A semiannual variability with the two regimes is also observed at intermediate latitudes. Allen and Vincent (1995) first revealed a strong peak in energy density in the troposphere during winter in contrast with the peak observed in the LS during summer. The peak in the troposphere does not coincide with particular meteorological events or geographic characteristics. Wang and Geller (2003) suggests that energy density values are virtually uncorrelated. The average time-scale, perturbations induced other tropical processes and selective filtering during GW horizontal and vertical propagation (Alexander, 1998) might affect observations in the UT. Thus specification of GW sources in the troposphere is needed to understand the troposphere-stratosphere differences in total energies. In addition, Alexander et al. (2002) examines the poleward decrease of energy as a natural consequence of the latitudinal variation of the Coriolis parameter.
Vertical short-scale structures with vertical wavelengths of 1-5 km produced by GW and large-scale advection were analyzed in the UT/LS above La Réunion using ozonesonde data (Chane-Ming et al., 2000b) . Dominant GW sources are revealed to be convection in summer and the subtropical jet in winter. Laminae induced by quasi-horizontal large-scale motions are observed to be 1.3 times more numerous than GW structures during winter in the UT. This suggests that the two peaks of energy density observed in June and in October correspond to the transition between tropical and subtropical conditions at the subtropical barrier with the presence of small-scale vertical structures induced by horizontal large-scale motions. In summer, tropical cyclones are severe convective phenomena which directly affect Tromelin and La Réunion. They reveal to be significant sources of GW in the UT/LS above the south-west Indian basin (Chane-Ming et al., 2002) .
The global distribution of PE values using GPS Occultation data at heights <25 km shows that large PE values >6 J kg −1 are mostly localized at low latitudes between 25 • N and 25 • S centered on the equator and enhanced over regions of deep convection such as over landmass of Africa and islands in the Indian Ocean (Tsuda et al., 2000; Ratnam et al., 2004) . A region of large energy density (>7 J kg −1 ) is centered over Madagascar with an extension over Mozambique, Tromelin and La Réunion at 20-30 km heights from November to February. As opposed the energy activity is zonally symetric with ±7 • width over Indian Ocean and spreads over Mahé. Thus large difference in energy values observed at Mahe and Tromelin suggests a possible contribution of other equatorial waves such as Kelvin waves at latitudes between of ±10 • (Tsuda et al., 2000) . Indeed the correlation between worldwide map of National Oceanographic and Atmospheric Administration (NOAA) OLR with observed GW activity in the stratosphere shows two active regions of tropical deep convection over Indian Ocean (the African convection and the maritime convection) in austral summer (Jiang et al., 2004) . Moreover the Indian monsoon might be a possible source of tropical waves over Mahé in austral winter. GPS CHAMP satellite data at longitudes between 80 • E and 180 • E and at latitudes between 30 • N and 30 • S identifies a bell-shaped distribution of PE energy density symmetric around the equator. Assuming that the ratio KE/PE is equal to the spectral index p (5/3), consistent total energy magnitudes are obtained in the LS at latitudes of Mahé, Tromelin and La Réunion, respectively (Tsuda et al., 2004) .
The maximum of GW density over Cocos Islands (12 • S, 97 • E) is about 1.8 times larger than that observed above Tromelin in summer LS although the two sites are located at similar latitudes in the Indian Ocean (Vincent and Alexander, 2000) . As opposed it is comparable with that observed above Mahé for which the Quasi-Biennal Oscillation signature is also apparent in the stratospheric zonal wind data. Thus GW distribution over Indian Ocean depends on latitudinal and longitudinal location of observation sites due to the presence of different localized active convective regions over the Indian basin. In conclusion, a first climatology of GW total energy density is investigated above the tropical South-West Indian Ocean at longitude of 55 • E. The seasonal variability of total energy density is strongly dependent on the latitudinal location of the observation site. Results complete previous GW climatologies on energy density values above the tropical South-West Indian Ocean and provide useful references for future studies on the energy contribution of dominant GW sources. In addition, comparison between total energy density and the estimated total energy density above Mahé and Tromelin reveals that the commonly used value of the spectral index (p=5/3) underestimates the total energy density in the UT by one half. Barat and Cot (1992) and Nastrom et al. (1997) noticed a discrepancy between observed and expected ratio of GW kinetic to potential energies with observed values greater than 5 in the LS. Nastrom et al. (1997) hypothesized that near-inertial frequency waves might be responsible of an excess of GW kinetic energy in the LS. More recently, intrinsic-frequency spectra derived from quasi-lagrangian measurements reveal that such large values are due an enhancement of wave activity at nearinertial frequencies (Hertzog et al., 2002) .
Evolution and intensities of total energy density above the 3 sites are consistent in the UT and in the LS. Moreover, the signature of the subtropical barrier is clearly observed on the seasonal activity of total energy density in the UT above La Réunion. Similar total energy density values resulted from both radiosonde and Raman lidar datasets prove that the Raman lidar installed at La Réunion can produce continuous night-time GW surveys near the subtropical barrier in the UT/LS at heights<23 km.
